1. Introduction {#s0005}
===============

Creatine kinase (CK, alias creatine phosphokinase) is the key enzyme of ATP metabolism in animal cells. It exists mainly in skeletal muscle and the myocardium, to a lesser extent in brain tissue, and a small amount in smooth muscle, red blood cells and the liver where it catalyzes the phosphorylation of creatine \[[@bb0005], [@bb0010], [@bb0015]\]. It is generally recognized that CK has dimeric subunits that exist as isoenzymes with the greatest activity in muscle (CK-MM), the heart (CK-MB), and the brain (CK-BB). An additional form of the CK enzyme exists in mitochondria (CK-Mt), compared to cytosolic forms \[[@bb0020],[@bb0025]\], of which there are two types of isoenzymes --- ubiquitous (CK-U) and sarcomeric (CK-S). CK-S is located in the outer region of the granular body and mainly expressed in muscle tissue while CK-U is expressed in many types of cells and tissues. The distribution of the CK isoenzyme therefore varies between tissues and species.

The CK system in animal cells and associated pleiotropic effects of creatine as a typical substrate of CK \[[@bb0030],[@bb0035]\] has been well documented. A primary role of CK has been identified in the maintenance of ADP homeostasis, the regulation of phospho-creatine (PCr) and general CK-PCr system-induced functions, as well as the importance of creatine supplementation as a nutrient. Furthermore, the physiological function of creatine and the relationship of creatine, neuroprotection, and cognitive functions have been documented, suggesting that creatine could be used as a metabolic agent \[[@bb0040]\]. In terms of immune response, CK was associated with metabolic changes in the severity of hand, foot and mouth disease (HFMD). CK and the isoenzyme CK-MB were significantly reduced in the peripheral blood of severe cases and thus a decreased level of CK in peripheral blood was suggested as a predictor of severe HFMD \[[@bb0045]\]. CK isoenzymes also play important roles directly related to the occurrence of various diseases. For instance, a low level of CK in serum is associated with an increased risk of death in chronic kidney disease \[[@bb0050]\] and a significant decrease in the serum ubiquitous CK-Mt activity in Parkinson\'s disease patients \[[@bb0055]\]. In infectious diseases, CK was detected as upregulated in severe acute respiratory syndrome (SARS) \[[@bb0060]\], and was also found to be increased in corona virus disease 2019 (COVID-19) \[[@bb0065]\]. An earlier report showed that the elevation of CK is connected to disease severity in H7N9 infection \[[@bb0070]\].

There have been few mitochondrial types of CK isolated in reptiles until now, of which mitochondrial type I (CK-U) and type II (CK-S) have been isolated from various sources of reptiles as listed in [Supplementary Table 1](#ec0020){ref-type="supplementary-material"}. Two mitochondrial isoforms from *Alligator sinensis*, *Pogona vitticeps* (central bearded dragon), *Alligator mississippiensis* (American alligator), and *Anolis carolinensis* have been reported, and only one type of mitochondrial isoform has been isolated from *Gavialis gangeticus* (Gharial), *Crocodylus porosus* (Australian saltwater crocodile), *Gekko japonicas*, and *Pelodiscus sinensis* (Chinese soft-shelled turtle). However, CK isoforms from reptiles are rarely reported compared to mammalians. Previously we have reported two isoforms of CK from *P. sinensis* (PSCK-B and PSCK-M) --- GenBank accession No. [JQ410386.1](ncbi-n:JQ410386.1){#ir0005} and KR633145.1 respectively \[[@bb0075],[@bb0080]\], analyzed by RACE technique. As a sequential study, we have analyzed the mitochondrial isoform of *P. sinensis* identified as type II mitochondrial isoform (PSCK-S), listed in [Supplementary Table 1](#ec0020){ref-type="supplementary-material"}. Our research group also previously submitted PSCK-S to GenBank and registered the accession No. as MF374343.1.

In the present study we compared the expression and localization of three different subtypes of PSCK (PSCK-B, PSCK-M, PSCK-S) under immune stress. We found that isoforms of PSCK functioned in different tissues in response to immune challenge. It is indicative that the PSCK-creatine (phosphor-creatine) system on the ATP-consuming or generating process in the flow of energy metabolism, is directly linked to the immune response in *P. sinensis*. The Chinese soft-shelled turtle is a unique economic aquatic animal in China, very sensitive to stress, and our study provides informative data for both understanding the metabolic enzyme of *P. sinensis* and for agricultural purposes.

2. Materials and methods {#s0010}
========================

2.1. Turtle breeding and bacterial infection {#s0015}
--------------------------------------------

Healthy and unwounded Chinese soft-shelled turtles (*P. sinensis*) weighing between 200 and 250 g were obtained from a turtle culture farm in Ningbo City in September. These turtles were kept separately in an automatic control aquarium system in Zhejiang Wanli University. The turtles showed no clinical signs or laboratory evidence of the *Aeromonas* genus or other infections. After two weeks of pre-breeding, ten turtles were intraperitoneally injected with freshly prepared *A. hydrophila* T4 strain (kindly provided by Prof. Chengping Lu, Nanjing Agriculture University) in a single dose of 1.0 × 10^8^ CFU/50 g body weight (injected group, IG). Another ten were injected with sterilized saline solution (control group, CG). Before injection, the T4 strain had already been through the regression tests, and the results showed all turtles presented the same symptoms and necropsy as the natural case.

The ethical standards of experimental protocols involving live animals were in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Zhejiang Wanli University and all procedures were approved by this same committee.

2.2. Sample preservation and RNA preparation {#s0020}
--------------------------------------------

The turtles were euthanized 24 h post-challenge and tissues of the myocardium, liver, spleen, kidney, and skeletal muscle were collected and washed with DEPC treated saline. Half of the samples were frozen in liquid nitrogen and stored at −80 °C for molecular biological detection, and the other half cleared and fixed with 10% formaldehyde solution for 48 h for histological studies. The total RNA was extracted from these frozen tissues using Trizol reagent (Invitrogen) according to the manufacturer\'s instructions.

2.3. Cloning of PSCK-S and bioinformatic analysis {#s0025}
-------------------------------------------------

The sequence of PSCK-S containing the whole CDS (coding region) was obtained from the transcriptome sequencing data of *P. sinensis* in our previous study \[[@bb0085]\], in which de-novo characterization of the soft-shelled turtle (*P. sinensis*) transcriptome was performed using Illumina RNA-Seq technology. The gene was defined by overlap PCR amplification and splicing was performed after positive and negative monoclonal sequencing. The primers for forward and reverse were designed as PSCK-S Primer 1, 1F (5′-TTT ATG CTT CTG GGC TCG-3′) and 1R (5′-GGA GAC ACT GGC TTA TCA A-3′); and PSCK-S Primer 2, 2F (5′-ATA TTA TAG CCT GAC CAA-3′) and 2R (5′-TTA ATC ATC TGT AAC AAG C-3′), using OLIGO 7 Primer Analysis Software \[[@bb0090]\]. The sizes of amplified products were estimated at 774 bp and 662 bp respectively and the splicing sequence was identified with the BLAST program (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>).

For bioinformatic analysis, the translated amino acids were used to search homologue sequences of CK-S in the NCBI database, and sequences were selected by the parameters (Query cover = 100%; E value = 0; and Identities \>85%). Based on BLAST pairwise alignment, the NJ (Neighbor Joining) tree was created. To identify structural differentiation among three PSCK (PSCK-B, PSCK-M, PSCK-S), multiple sequence alignment was performed using program Clustal W \[[@bb0095]\]. The molecular weight, theoretical isoelectric point, atomic composition, and stability index were predicted by the ProtParam tool of online ExPASy <https://web.expasy.org/protparam/>). The secondary structure of PSCK-S was predicted according to PRABI GERLAND (<https://npsa-prabi.ibcp.fr/NPSA/npsa_sopma.html>). TMHMM (<http://www.cbs.dtu.dk/services/TMHMM/>) predicts the transmembrane structure of PSCK-S. ExPASy ProtScale tool (<https://web.expasy.org/protscale/>) predicts the hydrophobicity of the PSCK-S amino acid sequence.

2.4. Computational docking simulations and molecular dynamics (MD) {#s0030}
------------------------------------------------------------------

The crystallographic protein structures for PSCK isozymes have not yet been elucidated. Therefore we constructed the 3D structures by homology modeling according to previous reports \[[@bb0075],[@bb0080],[@bb0100],[@bb0105]\]. Each PSCK-B, PSCK-M, and PSCK-S protein structure was modeled using homology templates HHsearch \[[@bb0110]\] to find template proteins, and the 9 or 10 best template sequences were aligned by application of T-Coffee \[[@bb0115]\] in its fast mode. CHARMM \[[@bb0120]\] was used to perform all calculations and the lowest energy structure was selected. Pseudo-quadratic restraints with simulated annealing (PQR-SA) \[[@bb0125]\] augmented with statistical torsion angle potential \[[@bb0130]\] was used to shape and to generate PSCK isozymes\' structures. Docking simulations were performed with two ligands, glycine and proline, using Autodock-Vina (<http://vina.scripps.edu>). MD simulations were conducted by performing 10 ns simulations in the presence of ADP using CHARMM. The initial structure for the simulation was generated using CHARMM-GUI \[[@bb0135]\] for PSCK isozymes and the solvation effect was considered by application of a generalized Born model with a simple switch function (GBSW) \[[@bb0140]\]. In every 1 ps for trajectory analysis, the structures were saved and the structural details including identification of the neighboring residues from ADP were measured after a 10 ns production.

2.5. Determination of biochemical enzyme activities {#s0035}
---------------------------------------------------

Different tissues were quickly isolated and homogenized in PBS (0.01 M) using a homogenizer in an ice-bath. The supernatant was obtained by freezing centrifugation at 5000 rpm for 15 min for biochemical parameters\' assay. The total activity of PSCK from the tissues was measured following proton generation during the reaction of ATP and creatine with thymol blue at 597 nm and 25 °C, as previously described \[[@bb0075],[@bb0080],[@bb0145],[@bb0150]\]. The activities of total superoxide dismutase (T-SOD), lactate dehydrogenase assay (LDH), malondialdehyde (MDA), catalase (CAT), and the content of ATP were measured according to the kit manuals (A020-2 for LDH, A001-1 for T-SOD, A007-1 for CAT, A003-2 for MDA, and A095 for ATP) provided by Nanjing Jiancheng Biochemical Reagent Co. Ltd. (Nanjing, China) using the clinical biochemical indicator autoanalyzer: Infinite M200Pro spectrometer (Tecan, Switzerland), according to the manufacturer\'s instructions.

2.6. Detection of PSCK isozymes\' expression at the transcriptional level {#s0040}
-------------------------------------------------------------------------

The total RNA was extracted from these frozen tissues using the Trizol reagent (Invitrogen) according to the manufacturer\'s instructions, used for first-strand DNA synthesis reagent kit (Takara Bio Inc., Dalian, China). Real-time quantitative PCR was performed using the standard SYBR Green PCR kit (Takara Bio Inc.) and an ABI 7500 Thermocycler Real-Time PCR instrument (Applied Biosystems, Foster City, CA, USA). Gene expression was assessed using the ^ΔΔ^C~t~ method. All qRT-PCRs analyses were performed in triplicate and the data are presented as means ± standard errors of the means (SEM). The primers used are as follows: β-actin, 5′- CCCAT ACTGT GCCCA TCTAC GA -3 (forward) and 5′- CCTCT GGACA CCTGA ACCTC TC -3′ (reverse); CK-B, 5′- GGACC CCAAC TATGT ACTAA GCTC -3′ (forward) and 5′- CCAGT CCCGT GCCAT TCCAG A -3′ (reverse); CK-M 5′- TGCTC ACCTG CCCGT CCAAC CT -3 (forward) and 5′- CTTCA CGCCG TCCAC CACCA TC -3′ (reverse); CK-S, 5′- GACCT CCGCA AACAT AACAA CT -3′ (forward) and 5′- GACTC TTCAT CACCA GCAAC CA -3′ (reverse).

2.7. Western blot analysis of PSCK isozymes {#s0045}
-------------------------------------------

Tissues were homogenized in an ice-cold RIPA buffer containing 0.1% phenylmethylsulfonyl fluoride. The dissolved proteins were collected from the supernatant after centrifugation at 12,000 ×*g* for 20 min. Protein concentrations were determined using Coomassie blue-based assay reagent and then quantified. Protein extracts were separated by SDS-polyacrylamide gel electrophoresis and then electro-transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% BSA and then incubated at 4 °C overnight with respective primary antibodies for anti-CK-B antibody (ab151579, Abcam, USA; 1:1000 in PBST), anti-CK-M antibody (ab151465, Abcam, USA; 1:1000 in PBST), anti-CK-S antibody (ab189314, Abcam, USA; 1:800 in PBST), and anti-β-actin (inner control, ab8227, Abcam, USA; 1:1500 in PBST). After washing with Tris-buffered saline Tween-20 (TBST), the membranes were incubated with a goat anti-rabbit secondary antibody conjugated to HRP for 1 h at room temperature. The antibody reactive bands were visualized using enhanced chemiluminescence detection reagents and a gel imaging system (Tanon Science & Technology Co., Ltd., China).

2.8. Immunohistochemistry of PSCK isozymes {#s0050}
------------------------------------------

The tissues were fixed overnight in a 10% formaldehyde solution (dissolved in phosphate buffer, pH 7.4) and then embedded in paraffin as a standard histological method. Sections (6 μm, Leica RM 2125, Germany) were de-paraffinized and hydrated before staining. The sections were incubated in 3% H~2~O~2~ for 10 min to block endogenous peroxidase activity. The sections were then heated in a microwave oven for antigen retrieval in 0.01 M citrate for 10 min. The slides were subsequently blocked in 1% BSA and incubated with a primary antibody CK-B (1:100), CK-M (1:100) and CK-S (1:100) at 4 °C overnight. After rinsing with 0.01 M PBS, the sections were incubated with Rabbit IgG SABC Kit (Boster, Wuhan, China, SA1022). Following a second rinsing with 0.01 M PBS, the reaction products were visualized by the addition of chromogenic substrate 0.1% diaminobenzidine solution (Sigma-Aldrich, St. Louis, MO, USA) in 0.1% hydrogen peroxide in PBS and incubated for 5 min. Subsequently the slides were lightly counterstained with Harris hematoxylin. Finally, the slides were examined by light microscopy (Nikon 80i, Tokyo, Japan). Negative controls were performed with diluent normal rabbit serum (1:500) instead of the primary antibody.

2.9. Statistical analysis {#s0055}
-------------------------

Statistical analysis was performed by a one-way analysis of variance (ANOVA), and its significance assessed by Tukey\'s test. Data were presented as mean ± standard deviation (SD) and a value of *p* \< 0.05 was considered statistically significant.

3. Results {#s0060}
==========

3.1. Sequence and structure analysis of PSCK-S {#s0065}
----------------------------------------------

The sizes of PCR products of Primer 1 and 2 were 774 bp and 662 bp respectively, as expected by monoclonal sequencing. Containing the whole CDS area of PSCK-S, the obtained sequence was 1352 bp by splicing, encoding a total of 419 amino acids as shown in [Supplementary Data Supplementary Data 1](#ec0005){ref-type="supplementary-material"}.

The bioinformatics analysis is as follows: the molecular weight of PSCK-S is 47.35 kDa; the isoelectric point is 8.62; the molecular formula is C~2096~H~3324~N~598~O~615~S~19~; the total number of negatively charged residues (ASP + Glu) is 54; the total number of positively charged residues (Arg + Lys) is 59; the N-terminal of the sequence is M (MET), and the instability index is 35.02 (\>40 is unstable protein), indicating that PSCK-S protein is a stable protein. The probability of signal peptide cleavage site was predicted as 0.0537 (\<0.45), indicating that PSCK-S has no signal peptide. According to the ProtScale tool\'s hydrophobicity analysis using ExPASy, the minimum value is −2.956, located at 42; the maximum value is 2.522, located at 195, and the average coefficient of hydrophilicity (GRAVY) is −0.443, suggesting that PSCK-S is a hydrophilic protein. The secondary structure of PSCK-S was predicted. The results showed that the irregular curl accounted for 40.81%, α-helix for 37.95%, β-sheet for 6.92%, and elongation chain for 14.32%. The results of domain prediction show that PSCK-S has ADP binding site, creatine binding site and substrate specific ring, which belongs to the creatine phosphokinase superfamily. The other two isozymes (PSCK-B and PSCK-M) were also analyzed and the data are displayed in [Supplementary Table 2](#ec0025){ref-type="supplementary-material"}. Based on the secondary structure, both PSCK-B and PSCK-M have a high structural similarity while PSCK-S displays a unique structure compared to PSCK-B and PSCK-M as shown in [Supplementary Table 2](#ec0025){ref-type="supplementary-material"}.

For phylogenetic analysis of the CK-S gene, 145 amino acid sequences of CK-S (type II mitochondrial CK) by BLASTP search were selected, and the accession numbers were listed as [Supplementary Data 2](#ec0010){ref-type="supplementary-material"}. Based on this result, a phylogenetic tree was constructed by a proximity method using MEGA software as shown in [Fig. 1](#f0005){ref-type="fig"}.

It was found that turtles have the closest relationship with the Chinese soft-shelled turtle (*P. sinensis*), followed by the same order Reptilia: Crocodilia, such as the Chinese alligator (*Alligator sinensis*), Indian alligator (*Gavialis gangeticus*), estuarine crocodile (*Crocodylus porosus*), and American alligator (*Alligator mississippiensis*). These are followed by the central bearded dragon (*Pogona vitticeps*), green lizard (*Anolis carolinensis*), and gecko (*Gekko japonicus*). However, birds, platypus (*Ornithorhynchus anatinus*), and opossum (*Monodelphis domestica*), *etc.* of different orders of *P. sinensis* are only distantly related.Fig. 1Phylogenetic analysis of the PSCK-S amino acids sequence.Sequences were searched in NCBI database and selected by the parameters (Query cover = 100%; E value = 0; and Identities \>85%), and the NJ (Neighbor Joining) tree was created by BLAST program.Fig. 1

Next, the comparison of amino acid sequence for subtypes of PSCK was conducted. By comparing the amino acid sequences of three existing subtypes of PSCK, we found that PSCK-S had 418 amino acid codes, while the other two subtypes were 381 amino acids ([Fig. 2](#f0010){ref-type="fig"} ). PSCK-S had a longer C-terminal and N-terminal. Through sequence comparison, the similarity between PSCK-S and PSCK-B is 56.9%, and the similarity between PSCK-S and PSCK-M is 59.29%. It is indicative that PSCK-B and PSCK-M have a high structural similarity in comparison with PSCK-S, which could connect to functional roles in physiological conditions. PSCK-S might additionally play a unique role *in vivo* beyond the simple function of creatine/phosphocreatine coupled ATP/ADP metabolic conversions, although this is not yet understood. Therefore, to reveal the new structure connected function and to make a comparison between three subtypes of PSCKs, we conducted molecular docking simulations.Fig. 2Multiple sequence alignment of amino acids sequences for PSCK isozymes by a program Clustal W.Dark shaded characters represented the amino acids that were exactly the same in the alignment of the three sequences; Gray shaded characters represented the three amino acids are not identical in sequence alignment, but with the same polarity; The unshaded characters represented the three amino acids are not identical in sequence alignment, and of different polarity.Fig. 2

3.2. Computational homology modeling, docking simulations, and molecular dynamics of PSCK isozymes {#s0070}
--------------------------------------------------------------------------------------------------

We firstly established the 3D structure of PSCK-B, PSCK-M and PSCK-S and subsequently conducted the docking simulations and molecular dynamics (MD) between the substrate and each target enzyme. Based on the previous methods, we conducted homology modeling to construct each PSCK isozyme. In a sequence alignment shown in [Supplementary Table 3](#ec0030){ref-type="supplementary-material"}, we found that a potent maximum sequence identity from a template combination is 0.95538 (best blosum = 0.92609 (1qh4_a); best seq. ID = 0.91601 (1qh4_a); best sum = 0.92105 (1qh4_a)) for PSCK-B. The potent maximum sequence identity from a template combination is 0.89501 (best blosum = 0.83532 (1qh4_a); best seq. ID = 0.81102 (1qh4_a); best sum = 0.82317 (1qh4_a)) for PSCK-M. The potent maximum sequence identity from a template combination is 0.73270 (best blosum = 0.58925 (1qh4_a); best seq. ID = 0.58711 (1qh4_a); best sum = 0.58818 (1qh4_a)) for PSCK-S. The alignment results are displayed in [Supplementary Fig. 1](#ec0015){ref-type="supplementary-material"}. As a result, we found that the 3D structures between PSCK-B and PSCK-M had a strong similarity while the 3D structure of PSCK-S was slightly different from PSCK-B and PSCK-M ([Fig. 3](#f0015){ref-type="fig"}A). This had been intuitively expected from the sequence alignment analysis shown in [Fig. 2](#f0010){ref-type="fig"}. Next, we conducted computational docking simulations between PSCK isozymes and ADP ([Fig. 3](#f0015){ref-type="fig"}B). The active sites of binding pocket volumes were measured to give approximately 3062 Å^3^ for PSCK-B; 2750 Å^3^ for PSCK-M, and 2976 Å^3^ for PSCK-S as shown. PSCK-B pocket volume was the largest and PSCK-M pocket volume the smallest. However, from the simple docking simulation we were hardly able to differentiate the distinctions of three isozymes. Moreover, by the application of the contact map as shown in [Fig. 3](#f0015){ref-type="fig"}C, we found no significant difference between the three contact maps where PSCK isozymes have the same tertiary structures and well-conserved active site regions. The measurement on similarity of their structures is not competent because of different residue numbers and in this situation, the contact map is useful since it represents how close three structures are by examining the pattern of maps. [Fig. 3](#f0015){ref-type="fig"}C showed the similar patterns of three contact maps, indicating three PSCK isozymes have the same fold of structure.

To gain more insight into the functional distinction between PSCK isozymes, we subsequently used analysis MD simulations ([Fig. 4](#f0020){ref-type="fig"} ), which show the 10 ns dynamic change after ADP binding to each PSCK isozyme. As a result, we were interested to find that the exposed surface area of ADP binding sites for each isozyme displayed different data ([Fig. 4](#f0020){ref-type="fig"}A). After 10 ns MD simulations, exposed surface areas to ADP binding sites were changed: PSCK-S had a conspicuous change compared to PSCK-B and PSCK-M. Since PSCK-S has a larger surface area, we predict PSCK-S to have the strongest kinase activity. Furthermore, the analysis of gyration radius, commonly used as an indicator of protein structure compactness, showed PSCK-S to be a well-folded structure compared to the other two isozymes, with PSCK-B and PSCK-M displaying relatively over-compacted structures ([Fig. 4](#f0020){ref-type="fig"}B). The MD simulations indicated that PSCK-S as a mitochondrial form might have a high energy metabolic ratio and efficiency compared to the cytosolic forms of PSCK-B and PSCK-M, and intuited why PSCK-S is located in a mitochondrial site, the place of energy producing factory in animal cells. The overall data of computational 10 ns MD simulations between PSCK isozymes and ADP are listed in [Table 1](#t0005){ref-type="table"} .Fig. 3Computational docking simulation between PSCK isozymes and ADP.(A) Homology modeling structures of PSCK isozymes. The protein structures are drawn by cartoon image and colored by red (helix), yellow (sheet), and blue (coil). The N- and C-terminals are marked with red and blue spheres, respectively. (B) Plausible ADP binding site volumes and pocket residues. The structures are drawn by white cartoon image and the ADP binding sites are colored by red. The plausible ADP binding sites consisting of pocket residues are tabulated below the structure. (C) Contact maps for PSCK isozymes. The contact map is obtained by measuring the distance of two selected alpha Carbon atoms. The darker color indicates the closer distance between two residues. The X- and Y-axes represent the residue numbers of the structure. Three structures have different sequences and numbers of residues.Fig. 3Fig. 410 ns molecular dynamics (MD) simulations results.(A) Exposed surface area of ADP binding sites. After 10 ns MD simulations, exposed surface areas to ADP binding sites are labeled as blue colors where the ADP binding sites (blue colors) of three structures are kept after 10 ns MD simulation. (B) Radius of gyration. The radius of gyration is an indicator of protein structure compactness. A globular protein has larger radius of gyration as the protein sequence grows. The blue line in the below figure represent the fitting curve in whole high resolution X-ray structures deposited in Protein Data Bank (PDB). These results are the same concept of ADP binding site conservation in (A) on which their structures are well stable and kept the ADP binding site irrespective of MD simulations.Fig. 4Table 1Structural analysis after 10 ns MD simulations between PSCK isozymes and ADP.Table 1SubjectPSCK-BPSCK-MPSCK-SNumber of total amino acids381381419% of exposed/buried residues35/6533/6733/67% of Secondary structure (H/E/C)[a](#tf0005){ref-type="table-fn"}35/15/5035/13/5232/13/55Exposed surface area of ADP binding sites (Å^2^)74155272Radius of gyration (Å)20.4720.7922.20[^2]

3.3. Determination of enzymatic and biochemical parameters in response to immunologic challenge {#s0075}
-----------------------------------------------------------------------------------------------

In order to detect the functional distinction of PSCK in *P. sinensis*, the influence of bacterial infection on total PSCK activity change during the immune response was measured. Simultaneously, several immunological factors including MDA and ATP contents, the activities of TSOD (total SOD), CAT and LDH were examined in *P. sinensis* tissues such as the myocardium, liver, spleen, kidney and skeletal muscle ([Fig. 5](#f0025){ref-type="fig"} ). The results show that the total PSCK activity was significantly reduced in the myocardium and skeletal muscle after bacterial infection, slightly decreased in the liver and kidney (no statistical significance), and significantly increased in the spleen ([Fig. 5](#f0025){ref-type="fig"}A). The MDA content was significantly decreased in all examined tissues ([Fig. 5](#f0025){ref-type="fig"}B). TSOD activity was significantly increased in sample tissues except for the skeletal muscle sample ([Fig. 5](#f0025){ref-type="fig"}C). ATP content, which is directly associated with PSCK function, had mixed patterns: down-regulated in the myocardium and spleen, and up-regulated in the liver, kidney, and skeletal muscle ([Fig. 5](#f0025){ref-type="fig"}D). LDH activity was significantly decreased in the myocardium and spleen, increased in the liver and skeletal muscle, and normal levels detected in the kidney ([Fig. 5](#f0025){ref-type="fig"}E). CAT activity was detected as significantly decreased in the myocardium, spleen, and kidney, significantly increased in skeletal muscle, and no statistically significant change in the liver ([Fig. 5](#f0025){ref-type="fig"}F). In general, the tissues most affected by bacterial infection in *P. sinensis* were the myocardium and spleen shown in the indexes displayed in [Fig. 5](#f0025){ref-type="fig"} as significantly changed, followed by the muscle, kidney, and liver.Fig. 5Determination of biochemical parameters after bacterial infection.\*, *p* \< 0.05; CG, control group; IG, infection group; MDA, malondialdehyde; SOD, superoxide dismutase; ATP, adenosine triphosphate; LDH, lactate dehydrogenase; CAT, catalase. The total activity of PSCK from tissues were measured following proton generation during the reaction of ATP and creatine with thymol blue at 597 nm and 25 °C and the activities of total SOD, LDH, MDA, CAT, and the content of ATP were measured according to the kit manuals provided by Nanjing Jiancheng Biochemical Reagent Co. Ltd. (Nanjing, China) using a clinical biochemical indicator autoanalyzer Infinite M200Pro spectrometer (Tecan, Switzerland) according to the manufacturer\'s instructions. All analyses were performed in triplicate and the data are presented as means ± standard errors of the means (SEM).Fig. 5

3.4. Real-time RT-PCR analyses of PSCK isozymes in various tissues {#s0080}
------------------------------------------------------------------

The expression levels of three kinds of PSCK isozymes were examined by real-time RT-PCR ([Fig. 6](#f0030){ref-type="fig"} ). The results showed that the expression level of PSCK-B was significantly reduced in the myocardium, while significantly increased in the liver and spleen ([Fig. 6](#f0030){ref-type="fig"}A). For PSCK-M, the expression level was significantly reduced in the myocardium, while significantly increased in the liver ([Fig. 6](#f0030){ref-type="fig"}B). For PSCK-S, the expression level was significantly reduced in the myocardium and skeletal muscle, while significantly increased in the spleen ([Fig. 6](#f0030){ref-type="fig"}C). In addition, a stack histogram was plotted for gene expression in different tissues ([Fig. 6](#f0030){ref-type="fig"}D). The results show that PSCK-B was predominantly expressed in liver and kidney (\>60%), PSCK-M was predominantly expressed in the muscle (\>60%), and PSCK-S was predominantly expressed in the spleen (\>60%). In the myocardium, PSCK-S was the predominant type (42%), followed by PSCK-B and PSCK-M. These results indicate that PSCK isozymes genes apparently exhibit a tissue-specific expression, and that PSCK isozymes genes also show an inconstant expression pattern in a specific tissue after bacterial infection. The PSCK isozymes genes represent various expression levels and may take different functions in energy metabolism in response to immunological issues.Fig. 6Real-time RT-PCR analysis of PSCK isozymes expressions in different tissues after bacterial infection.(A) to (C), mRNA level expression of PSCK-B, PSCK-M and PSCK-S; (D) the ratio of mRNA expression for different PSCK isozymes in different tissues. \*, *p* \< 0.05; CG, control group; IG, infection group. Real-time quantitative PCR was performed using the standard SYBR Green PCR kit (Takara Bio Inc.) and an ABI 7500 Thermocycler Real-Time PCR instrument (Applied Biosystems, Foster City, CA, USA). Gene expression was assessed using the ^ΔΔ^C~t~ method. All analyses were performed in triplicate and the data are presented as means ± standard errors of the means (SEM).Fig. 6

3.5. Western blot analysis of PSCK isozymes in various tissues {#s0085}
--------------------------------------------------------------

Alterations in PSCK isozymes expression in different tissues were also examined by the western blotting method ([Fig. 7](#f0035){ref-type="fig"} ). For each type of isozymes (PSCK-B, PSCK-M, PSCK-S), control group (CG) and infection group (IG) were individually detected and the expression level was compared ([Fig. 7](#f0035){ref-type="fig"}A). The results demonstrate that after bacterial infection, the expression of PSCK-B was significantly increased in the myocardium, liver and spleen while there was no change in the kidney and skeletal muscle ([Fig. 7](#f0035){ref-type="fig"}B). For PSCK-M, the expression level was significantly increased in the liver, decreased in the myocardium and skeletal muscle, and no change detected in the spleen and kidney ([Fig. 7](#f0035){ref-type="fig"}C). For PSCK-S, the expression level was significantly increased in the spleen, decreased in the myocardium and skeletal muscle, and no change detected in the liver and kidney ([Fig. 7](#f0035){ref-type="fig"}D). Using western blotting analysis, we observed that PSCK isozymes were specifically expressed in tissues and differentially regulated in response to immune stress by bacterial infection. When we compared the results of transcriptional level (real-time RT-PCR, [Fig. 6](#f0030){ref-type="fig"}) and translational level (western blotting, [Fig. 7](#f0035){ref-type="fig"}), we found consistency except for expressions of PSCK-B in the myocardium and PSCK-M in the skeletal muscle. The results of the comparison between real-time RT-PCR and western blot analysis are listed in [Table 2](#t0010){ref-type="table"} . Taken together, our results suggest that the expression levels of PSCK isozymes were decreased overall in the myocardium and skeletal muscle, and increased in the liver and spleen. However, in the kidney bacterial infection had no effect on the expression level of PSCK isozymes.Fig. 7Western blot analysis of PSCK isozymes expressed in different tissues after bacterial infection.(A) the immunoblotting results of PSCK isozymes; (B) to (D) comparison of protein expression levels of PSCK-B, PSCK-M and PSCK-S after bacterial infection; \*, *p* \< 0.05; CG, control group; IG, infection group. The primary antibodies were for anti-CK-B antibody (ab151579, Abcam, USA; 1:1000 in PBST), anti-CK-M antibody (ab151465, Abcam, USA; 1:1000 in PBST), anti-CK-S antibody (ab189314, Abcam, USA; 1:800 in PBST), anti-GAPDH (inner control, ab181602, Abcam, USA; 1:1500 in PBST).Fig. 7Table 2Comparison between real-time RT-PCR (qPCR), western blot (WB), and immunohistochemistry (IHC) analyses under immune stress.Table 2TissuesPSCK-BPSCK-MPSCK-SqPCRWBIHC[a](#tf0010){ref-type="table-fn"}qPCRWBIHC[a](#tf0010){ref-type="table-fn"}qPCRWBIHC[a](#tf0010){ref-type="table-fn"}Myocardium−+□−−∆−−∆Liver++□++○//∆Spleen++○//∆++○Kidney//∆//∆//□Skeletal muscle//∆/−∆−−○[^3][^4]

3.6. Immunohistochemistry (IHC) analysis of PSCK isozymes in various tissues {#s0090}
----------------------------------------------------------------------------

In the next step, we conducted the analysis of IHC to understand the expression of PSCK isozymes *in vivo* conditions. The IHC staining of PSCK isozymes in various *P. sinensis* tissues is displayed in [Fig. 8](#f0040){ref-type="fig"} . The results showed that three types of PSCK isozymes were widely expressed in myocardial fiber (MF) ([Fig. 8](#f0040){ref-type="fig"}A) and hepatocyte ([Fig. 8](#f0040){ref-type="fig"}B) before and after immunization. However, after immune stress ([Fig. 8](#f0040){ref-type="fig"}C), the expression of PSCK-B ([Fig. 8](#f0040){ref-type="fig"}C2) and PSCK-S ([Fig. 8](#f0040){ref-type="fig"}C6) were significantly increased in the spleen. The expression was mainly concentrated in the spleen nodule (SN) and the peripheral lymphatic sheath (PLS), and also detected in the central artery epithelial cells. The expression of PSCK-M ([Fig. 8](#f0040){ref-type="fig"}C3 and C4) in the spleen was weak before and after immune stress. The expression of PSCK-B ([Fig. 8](#f0040){ref-type="fig"}D2) and PSCK-M ([Fig. 8](#f0040){ref-type="fig"}D4) mostly decreased after immune stress in the kidney, but the expression and location of the three subtypes were significantly different. The three subtypes were highly expressed in the distal convoluted tubule (DCT), and slightly expressed in the proximal convoluted tubule (PCT) and glomerulus (G) ([Fig. 8](#f0040){ref-type="fig"}D). It should be noted that the expression of PSCK-S in glomerulus (G) increased after immune stress ([Fig. 8](#f0040){ref-type="fig"}D6). The expression localization of the three PSCK subtypes in the skeletal muscle was similar to that in the myocardium, and abundantly expressed in muscle fiber (SMF) ([Fig. 8](#f0040){ref-type="fig"}E). However, the expression of PSCK-S changed slightly after immune stress ([Fig. 8](#f0040){ref-type="fig"}E6).Fig. 8Immunohistochemistry (IHC) staining of PSCK isozymes in various tissues after bacterial infection.The size bars indicate 30 μm for A, B and E; 150 μm for C and D. CMN, cardiac myocytes nuclear; FbN, fibroblast nuclear; MF, Myocardial fiber; KC, Kupffer\'s cells; HN, Hepatocyte nuclear; RP, red pulp; WP, white pulp; CA, central artery; SN, splenic nodule; PLS; periarterial lymphatic sheath; PCT, proximal convoluted tubule; DCT, distal convoluted tubule; G, glomus; IV, interlobular veins; SMF, skeletal muscle fiber. The primary antibody was used as CK-B (1:100), CK-M (1:100) and CK-S (1:100). The sections were incubated with Rabbit IgG SABC Kit (Boster, Wuhan, China, SA1022). Reaction products were visualized by addition of chromogenic substrate 0.1% diaminobenzidine solution (Sigma-Aldrich, St. Louis, MO, USA) in 0.1% hydrogen peroxide in PBS and the slides counterstained with Harris hematoxylin lightly. The slides finally were examined by light microscopy (Nikon 80i, Tokyo, Japan). Negative controls were performed with diluent normal rabbit serum (1:500) instead of the primary antibody.Fig. 8

In cases of immune emergency, the spleen is an important immune organ. PSCK-B and PSCK-S exhibited the strongest signals in the spleen following bacterial infection, consistent with the results in [Table 2](#t0010){ref-type="table"}.

4. Discussion {#s0095}
=============

It is generally recognized that high energy costs would be required in a defensive mechanism against a bacterial infection or various disease associated physiological conditions \[[@bb0155], [@bb0160], [@bb0165], [@bb0170], [@bb0175]\] where CK-mediated metabolisms were thought to be important. The regulation of CK is directly linked to energy balance, energy producing systems, and energy metabolites (creatine/phosphocreatine, ATP/ADP) demanded in the various pathogenesis. In the present study, an energy demanding situation was designed as a bacterial infection to produce immunologic stress in *P. sinensis*. Serial tests were conducted to find alterations of PSCK isozymes\' expression during immune response, including several basic metabolic parameters such as MDA, ATP, TSOD, LDH, and CAT.

Previous reports have discussed the biochemical characteristics of PSCK in *P. sinensis*, mainly focusing on the muscle (PSCK-M) and brain (PSCK-B) types *in vitro* folding studies \[[@bb0075],[@bb0080],[@bb0100],[@bb0105],[@bb0145],[@bb0150]\]. In this study, we have focused on the mitochondrial type such as PSCK-S and made a comparison between three types of PSCK isozymes. We have also completed serial studies coupled with *in vitro* and *in vivo* conditions to reveal the PSCK isozymes\' expression and their putative functional roles associated with bacterial infection induced immunologic stress in *P. sinensis*. In the first part, we analyzed and compared the PSCK isozymes using bioinformatic tools including computational docking and MD simulations. The results indicated that PSCK-S has a unique response to ADP in comparison with PSCK-B and PSCK-M, that supports the location of PSCK-S in mitochondria as a type II isoform and might play a role in energy fluctuation. In a 10 ns dynamic based MD simulation, we were interested to find that PSCK-S had a conspicuous change of exposed surface area to ADP binding sites, and a larger surface area than predicted by PSCK-B and PSCK-M, implying that PSCK-S has a relatively stronger kinase activity. In addition, the radius of gyration analysis indicated that PSCK-S has a well-folded structure to conduct proper catalytic functions.

In the second part, we checked the total PSCK activity with several metabolic parameters. We induced immunologic stress in *P. sinensis* through bacterial infection and different samples were collected from *P. sinensis* tissues to understand the physiological changes. In response to the bacterial infection, systemic changes in various tissues were observed:(i).PSCK showed mixed patterns: the decrease of ATP content in the spleen and the up-regulation of PSCK activity in the spleen indicated the occurrence of high energy consuming mechanisms, while down-regulation of PSCK activity directly resulted in an increase of ATP content in the liver, kidney, and skeletal muscle.(ii).The concentration of MDA was significantly reduced in all examined tissues, indicating an anti-fatigue function or anti-oxidative stress mechanism in *P. sinensis* was well developed under the condition of bacterial-induced immune stress. Since MDA is an indicator of oxidative stress, lipid peroxidation and an aggravator of oxidative damage, and is directly associated with the regulation level of antioxidant enzymes such as TSOD and CAT which play a pivotal role in the detoxification of reactive oxygen species (ROS)-mediated oxidative stress; the low concentration of MDA is directly connected with the results of up-regulated activity of TSOD in overall tissues.(iii).Interestingly, TSOD was not up-regulated in skeletal muscle, and CAT was detected as only up-regulated in skeletal muscle and down-regulated other tissues, implying a compensation manner among these two antioxidant enzymes for restoring energy efficiency and avoiding redundant bi-expression during immune response in *P. sinensis*. Also, the content of free radicals and peroxidation of membrane lipids, accompanied with the high level of TSOD or CAT activity and low level of MDA content, are thought to be reduced because the increased activity of TSOD and CAT directly inhibited MDA contents.(iv).LDH is a marker of anaerobic metabolism connected to CK metabolism; thus LDH and CK are indicators of muscle injury and fatigue. The decrease of LDH in the myocardium and spleen indicates these tissues are susceptible to oxygen deprivation. However, LDH was increased in the liver and skeletal muscle. These results show that LDH and PSCK are not matched to the known indicator function; they are differently regulated during immune response in *P. sinensis* and in this case, muscle damage and fatigue is not a main defensive mechanism against bacterial infection since PSCK activity was detected as significantly reduced in the myocardium and skeletal muscle. LDH is also an indicator of oxidative stress, therefore LDH is thought to be more prone to connect with oxidative stress exposure and is similar to TSOD and CAT expression.

In the third part, we performed real-time RT-PCR and western blotting analysis in various tissues of *P. sinensis*, and revealed that the expression levels of PSCK isozymes were decreased in the myocardium and skeletal muscle, increased in liver and spleen, and had no significant change in the kidney. Due to the activity assay being only applicable for the total PSCK enzyme, subtypes of PSCK isoforms could not be measured; however, expressions of transcriptional and translational levels could be separately detected. Interestingly, in skeletal muscle PSCK-S was down-regulated along with an increase in ATP content, implying that ATP is required for defensive mechanisms against bacterial infection as an important energy source. Thus, ATP restoration and storing might be obtained from down-regulation of PSCK-S, the isozyme possessing a powerful kinase function in its structure as shown in MD simulation. We intuit that the up-regulation of PSCK isozymes is connected to ATP usage while down-regulation is linked to ATP storing, and the energy fluctuation is somehow associated with the immune response in a different manner in *P. sinensis*. It is similarly indicative that various subtypes of CK in humans are detected as different expression levels, either up- or down-regulated in CK-related human diseases.

We also found that PSCK-B was down-regulated in the transcriptional level while it was over-expressed in the protein level ([Table 2](#t0010){ref-type="table"}). This discrepancy is not clear, however, based on the data detected in this study, we hypothesized that due to the reason of "compensation effect", PSCK-B is to be up-regulated in the translational level to play a role of functional compensation for blocking the energetic imbalance in myocardium in response to bacterial infection. Sine other two subtypes of PSCKs (PSCK-M and PSCK-S) are simultaneously down-regulated both in transcriptional and translation levels, at least, the protein expression signal of PSCK-B should be drastically and specifically turned on in myocardium. The detailed signal and its associated factors for turning on the expression of PSCK-B could be an interesting topic in the further study.

Our results showed that different tissues responded in different ways against bacterial infection. The energy metabolism caused by PSCK isozymes and ATP did not occur in the kidney while at least one of PSCK isozymes actively participated in an energy metabolism related defensive mechanism in the myocardium, liver, spleen, and skeletal muscle in different ways.

Finally, we conducted IHC staining in different tissues of *P. sinensis*. Coupled with the *in vitro* results, IHC staining *in vivo* samples provided informative data for each PSCK isozymes\' expression. We found that PSCK-B exhibited the strongest signals in the spleen and PSCK-M exhibited the strongest signals in the liver. PSCK-S exhibited the strongest signals in the spleen and a conspicuous alteration in skeletal muscle after bacterial infection, which is consistent with *in vitro* measurements of gene/protein expression levels.

In summary, we compared three types of PSCK isozymes *via* computational simulations and expression detections *in vitro* and *in vivo*. As a result, we found that PSCK-S as predicted mostly possessed kinase function in a structural aspect, and PSCK isozymes are expressed differently in *P. sinensis* tissues in various ways under bacterial infection-induced immunologic stress. PSCK-S contributes to the spleen and is uniquely expressed in skeletal muscle, PSCK-B mostly contributes to the spleen, followed by the liver and myocardium, and PSCK-M mostly contributes to the liver, followed by the myocardium and skeletal muscle. These various alterations of PSCK isozymes in tissues are prone to defense the bacterial infection and blocking energetic imbalance before severe pathogenesis turned on in *P. sinensis*. Our results suggest that the regulation of PSCK played an important function in the energy metabolism of *P. sinensis* under an immune stress challenge, and it could enlarge the area of the energy-related function of CK in other reptiles.

The following are the supplementary data related to this article.Supplementary Data 1Sequence information of PSCK-S. (Underlined sequences indicate Primer 1; the shaded marks indicate Primer 2; "\*" indicates termination codon).Supplementary Data 1 Supplementary Data 2Lists of 145 CK-S (creatine kinase, mitochondrial type 2) accession numbers by BLASTP search.Supplementary Data 2 Supplementary Fig. 1The results of alignments for homology simulations of PSCK-B (A), PSCK-M (B), and PSCK-S (C). The first left columns represent the protein data bank ID (PDB ID: the first four letter), the chain id (one letter divided by under bar), and the aligned residue numbers from starting and end divided by dash. For example, 1gyx_a/8--50 represent the PDB ID is 1gyx, the used chain is "a" chain in 1gyx, and the alignment has done from the residue numbers from 8 to 50.Supplementary Fig. 1 Supplementary Table 1Lists of mitochondrial type of CK isoenzymes from various reptile origins.Supplementary Table 1 Supplementary Table 2Bioinformatic structure analysis of PSCK isozymes (PSCK-B; PSCK-M; PSCK-S).Supplementary Table 2 Supplementary Table 3The data for homology simulations of PSCK isozymes.Supplementary Table 3
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